BAG-1 (also known as RAP46/HAP46) was originally identi®ed as a 46 kDa protein that bound to and enhanced the anti-apoptotic properties of Bcl-2. BAG-1 exists as three major isoforms (designated p50, p46 and p36 or BAG-1L, BAG-1M and BAG-1S respectively) and one minor isoform (p29), which are translated from a common transcript. The diering amino terminus determines both the intracellular location and the repertoire of binding partners of the isoforms which play dierent roles in a variety of cellular processes including signal transduction, heat shock, apoptosis and transcription. Although in vitro data suggest that the four BAG-1 isoforms are translated by leaky scanning, the patterns of isoform expression in vivo, especially in transformed cells, do not support this hypothesis. We have performed in vivo analysis of the BAG-1 5' untranslated region and shown that translation initiation of the most highly expressed isoform (p36/BAG-1S) can occur by both internal ribosome entry and cap-dependent scanning. Following heat shock, when there is a downregulation of cap-dependent translation, the expression of the p36 isoform of BAG-1 is maintained by internal ribosome entry. Oncogene (2001) 20, 4095 ± 4100.
Keywords: BAG-1; IRES; translation; internal ribosome entry; heat shock Human BAG-1 (Zeiner and Gehring, 1995; Takayama et al., 1996) can be expressed as up to four protein products that are generated by alternative translation initiation from a single transcript (Figure 1a ). Translation of the 50 kDa form of BAG-1 (BAG-1L) is initiated at a non-canonical CUG codon and this isoform contains an SV40-like nuclear localization signal. The other forms, p46/BAG-1M, p36/BAG-1S (which is the most common form) and a rare p29 isoform, are primarily cytoplasmic and initiate at alternative AUG codons (Packham et al., 1997; Takayama et al., 1998) . All of the initiation codons for BAG-1 isoforms are in poor context when compared to the consensus sequence surrounding eukaryotic initiation codons determined by Kozak (1986) . It has been suggested that the four isoforms of BAG-1 are translated by leaky scanning (Yang et al., 1998) , however, expression of BAG-1 in vivo does not support this hypothesis (Packham et al., 1997; Takayama et al., 1998) , and moreover the p36 isoform is the predominant form in all cell types.
The BAG-1 isoforms regulate several disparate cellular processes. These include cell survival (Takayama et al., 1995) , signal transduction (Wang et al., 1996) and protein refolding (Bimston et al., 1998; Stuart et al., 1998; Luders et al., 2000; Nollen et al., 2000) .
The majority of eukaryotic mRNAs are translated by the cap-dependent scanning mechanism of initiation. Some mRNAs are translated by an alternative mechanism where the 5' UTR forms a complex structural element termed an internal ribosome entry segment (IRES) (reviewed by Gray and Wickens, 1998) . IRESs have now been identi®ed in a number of eukaryotic mRNAs and recent work has shown that cellular IRESs are used in situations when the capdependent scanning mechanism of translation is compromised; for example the c-myc, DAP5 and XIAP-1 IRESs are all used to maintain expression of the corresponding proteins during apoptosis (Stoneley et al., 2000a; Henis-Korenblit et al., 2000; Holcik et al., 2000) .
A number of features of the 5' UTR upstream of the human p36 open reading frame of BAG-1 suggested that it would be involved in the translational regulation of BAG-1. For example, it is long (410 nucleotides) and G-C rich and has alternative translation initiation start codons including an upstream non-canonical CUG. To investigate whether the p36 BAG-1 5' UTR could contain an internal ribosome entry segment, a dicistronic reporter assay was used. The dicistronic reporter vector pRF (previously designated pGL3R , incorporates both the ®re¯y and sea pansy (Renilla reniformis) luciferase reporter genes. A region of cDNA encoding the BAG-1 p36 5' UTR was cloned between the cistrons of the vector pRF to create the vector pRBF (Figure 2a) . In transient transfections in HeLa cells, the presence of the BAG-1 p36 5' UTR resulted in an increase in the expression of the downstream ®re¯y luciferase of 17-fold over that attributable to readthrough and re-initiation of ribosomes on the control transcript produced from pRF ( Figure 2b ). This compares favourably with the IRES activity of the cellular IRESs found in Apaf-1 and cmyc (nine and 50 times respectively), and the viral IRESs found in HRV and EMCV (eight and 14 times) when present in the same assay system (Figure 2b ). There is a slight downregulation of expression of the upstream Renilla cistron in the vector pRBF (to about 70% of the control). This has been observed in other IRES-containing dicistronic transcripts and most likely re¯ects a competition between cap-dependent and IRES-dependent translation on the same transcript. The BAG-1 p36 5' UTR can also direct internal ribosome entry in an alternative dicistronic assay system in which the ®re¯y gene is replaced with a gene encoding chloramphenicol acetyl transferase (CAT) (Figure 2c ; Stoneley, 1998) .
In order to ensure that the apparent internal ribosome entry observed was not due to either enhanced ribosomal readthrough or the presence of cryptic promoters or splice sites in the RNA, two control experiments were performed. In the ®rst instance, a palindromic sequence that forms a hairpin with a free energy approximately equivalent to 768 kcal mol 71 was inserted upstream of the Renilla ORF in the vector pRBF to create the vector phpRBF ( Figure 3a ). This hairpin in the vector phpRBF was sucient to impede ribosomal scanning, and Renilla luciferase activity dropped to 7% of that observed in the control vector pRF (Figure 3b ), while ®re¯y luciferase activity directed by the BAG-1 5' UTR was maintained ( Figure 3b ). Secondly, to ensure that only intact dicistronic messages were being transcribed from the vector pRBF, RNase protection assays were performed. A radiolabelled 669 nt antisense riboprobe The three major protein isoforms of human BAG-1. The p50/BAG-1L protein contains a nuclear localization signal that is not present in the other isoforms (p46/BAG-1M and p36/BAG-1S). All isoforms contain diering numbers of an acidic repeat motif, an ubiquitin-like domain and a C-terminal BAG domain. The rare p29 isoform is not shown Figure 2 The p36 5' untranslated region of BAG-1 can direct internal ribosome entry in dicistronic reporter assays. (a) The dicistronic luciferase transcript from pRF (formerly known as pGL3R) has been described previously . The vectors containing IRESs present in the 5' UTRs of c-myc (pRMF), Apaf-1 (pRAF), HRV (pRHRVF) and EMCV (pREMCVF) have been described elsewhere (Stoneley et al., , 2000b Coldwell et al., 2000) . A region corresponding to nucleotides 43 ± 411 of the BAG-1 p36 5' UTR was generated by PCR-mediated ampli®cation from the plasmid CI-3 using the oligonucleotide primers 5'-TCGAATTCTGGGCGGTCAA-CAAGTGCGG-3' and 5'-ATCCATGGCTTCGCCCTGGGTC-GCC-3' and introduced between the upstream Renilla luciferase cistron and downstream ®re¯y luciferase cistron. This fragment was also introduced into pGL3 (Promega) to create the vector pGBL. In all vectors the position of the physiological AUG initiation codon of the p36 BAG-1 5' UTR is maintained with that of the ®re¯y or CAT gene within the NcoI recognition site. (b) HeLa cells were transfected with the constructs shown containing the cellular IRESs from Apaf-1 and c-myc and the viral IRESs from HRV and EMCV and the putative BAG-1 IRES by calcium phosphate-mediated DNA transfection (Jordan et al., 1996) . Luciferase expression was assayed using the Dual luciferase assay kit (Promega) 40 h after transfection and normalized to the transfection control of b-galactosidase (cells were transfected with pcDNA3.1/HisB/lacZ from Invitrogen), which was assayed for by the Galactolight plus assay system (Tropix). All light emissions were measured over 10 s using an Optocomp1 Luminometer (MGM instruments). The BAG-1 p36 5' UTR directs internal ribosome entry analogous to that seen in other IRES containing vectors. (c) In the vector pRCAT, the ®re¯y luciferase cistron is replaced by the CAT gene. CAT activity was measured by liquid scintillation counting using the CAT assay system (Promega) according to the manufacturer's protocol. The BAG-1 p36 5' UTR can direct translation of an alternative downstream reporter gene in the vector pRBCAT, in a manner related to translation driven by the c-myc IRES in the vector pRMCAT mRNA (Figure 3d, lane 3) . Taken together these data strongly suggest that the 5' UTR of BAG-1 contains an IRES. The IRES is present in a region that can also code for longer isoforms of the protein and this is unusual among IRESes, but not unique e.g. a shorter IRES-initiated isoform has also been observed for p110/p58 PITSLRE (Cornelis et al., 2000) . The translation of certain cellular mRNAs can be initiated by both internal ribosome entry and the capdependent scanning mechanism (Stoneley et al., 2000b; Vagner et al., 1996) . It was likely that this would also be the case with the p36 isoform of BAG-1 since it has been shown that translational control of the human isoforms of BAG-1 involves the scanning mechanism of translation (Packham et al., 1997; Yang et al., 1998) . To investigate the contribution the IRES makes to the expression of BAG-1 isoforms the DNA encoding the BAG-1 5' UTR was inserted into the monocistronic ®re¯y luciferase vector pGL3 ( Figure  4a ) to create the vector pGBL. Insertion of the DNA encoding the BAG-1 5' UTR upstream of the ®re¯y luciferase gene reduced the luciferase activity to 46% of that expressed from the control plasmid (Figure 4b ). This is probably due to the relative inactivity of the two additional isoforms at 74 and 70 kDa of luciferase that contained N-terminal extensions that were observed (Figure 4c ). These represent the p50 and p46 isoforms that initiate from the upstream CUG and AUG codons respectively (Figure 4c, pGBL lane) . A stable hairpin upstream of the luciferase gene in the Figure 3 IRES activity is not due to enhanced ribosomal readthrough and re-initiation and internal ribosome entry is initiated on intact dicistronic transcripts. (a) The vector phpRBF was created by insertion of a palindromic sequence upstream of the Renilla cistron in pRBF which would form a stable hairpin when transcribed. The vector phpRBF was created by ligating the palindromic sequence. 5'-CGCCGCGGGGCGCCGCCGGCCACGTGGGTACCCACGTGGCCGGCGGCGCCCCGCGGCGGCCG-3' into the EcoRV site of pRBF. This would give rise to a hairpin with a free energy of approximately 768 Kcal/mol. (b) The presence of the hairpin results in a signi®cant reduction of Renilla activity in the vector phpRBF compared to that seen in the control pRF but the increase in ®re¯y luciferase activity seen in pRBF is maintained in phpRBF. (c) A 669 nt antisense riboprobe was used to investigate the integrity of dicistronic transcripts. 597 nt of the riboprobe will hybridize to the transcript from pRBF. The vector pBAGRNase used was generated by amplifying a 597 nucleotide region of the vector pRBF using the primers 5'-GTGGATCCGCAAGAAGATGCACCTGATG-3' and 5'-ATAAGCTTGCGTATCTCTTCATAGCCTT-3'. The PCR product was digested with BamHI and HindIII and ligated into pBluescript SK + (Stratagene). The RNase protection was carried out exactly as described in Stoneley et al. (1998) vector phpL strongly inhibited translation of luciferase from this construct to 6% of the value obtained with the control construct pGL3 (Figure 4b ). The same hairpin, when inserted upstream of the BAG-1 5' UTR in phpBL, reduced expression of luciferase to 30% when compared to pGBL, however, the level of luciferase produced is still ®vefold higher than with phpL ( Figure 4b ). This would suggest that in the monocistronic construct, pGBL, the p36 isoform BAG-1 is translated primarily by the scanning mechanism and that this is more ecient than internal ribosome entry. However, in the presence of the stable hairpin the BAG-1 IRES is used to maintain expression of the reporter enzyme. These results were con®rmed by Western analysis of proteins derived from these plasmid constructs. Thus the translation of the longer isoforms of luciferase was inhibited by the presence of the hairpin, especially the`p50' isoform, while the 60 kDa luciferase isoform was still eciently expressed (Figure 4c , pGBL lane). No luciferase was observed in Western analysis performed on samples isolated from cells transfected with phpL (data not shown). When the AUG codon that would initiate the p36 isoform was mutated to an AGG codon in the vector pGBDL (Figure 4a) , production of luciferase in the transfected cells was again strongly inhibited. However, the proteins representing the p50 and p46 isoforms were still observed by immunoblotting (Figure 4c , pGBDL lane). In contrast, in cells transfected with the dicistronic vector pRBF, nearly all the luciferase present was initiated from the p36 AUG but not the upstream initiation codons (Figure 4c , pRBF lane).
To determine whether only the p36 isoform is translated by internal ribosome entry, two truncated versions of the DNA encoding the p36 5' UTR were introduced into the dicistronic vectors. The vector pRB5'F that contained the 5' UTR up to the p46 ORF (Figure 5a ) had no IRES activity in the assay after transient transfection in HeLa cells (Figure 5b) . The vector pRB3'F that contains only the sequence between the p46 AUG and the p36 AUG had approximately 75% of the IRES activity of the full-length p36 5' UTR (13 times the activity attributable to readthrough compared to 17 times for the full-length). This suggests the most important sequences for internal ribosome entry reside in this region of the 5' UTR. This segment is shorter than most viral IRESs, but is a similar length to some of the cellular IRESs e.g. the FGF-2 (Vagner et al., 1995) , Apaf-1 (Coldwell et al., 2000) and BiP IRESs (Yang and Sarnow, 1997) . As a control, mutation of the AUG initiation codon of the p36 ORF to an AGG codon also resulted in a dicistronic vector pRBDF with no IRES activity.
During heat shock there is a large reduction in global protein synthesis rates due to the changes in the phosphorylation states of many eukaryotic initiation factors (for review see Rhoads and Lamphear, 1995; Schneider, 2000) and sequestration of eIF4G by Hsc70 (Cuesta et al., 2000) . However, there is still synthesis of certain key proteins that are required during this Figure 4 Cap-dependent scanning of p36 BAG-1 is more ecient than IRES driven translation. (a) The monocistronic luciferase transcript from pGL3. A palindromic sequence (described in Figure 3 ) was inserted in front of the luciferase gene to give the vector phpL containing a stable RNA hairpin. The p36 BAG-1 5' UTR upstream of the luciferase gene gives the vector pGBL and the hairpin upstream of this makes phpBL. The oligonucleotide primers 5'-GGGCGAAGCCAGGGAAGACGCCA-3' and 5'-TGGCGACTTCCCTGGCTTCGCCC-3' were used to mutate the AUG initiation codon of ®re¯y luciferase in the vector pGBL to an AGG codon, using the Quik-change site-directed mutagenesis protocol (Stratagene) giving rise to the vectors pGBDL. (b) Luciferase activities of the monocistronic reporter constructs after transient transfection into HeLa cells, normalized to a transfection control of b-galactosidase. (c) A Western blot of luciferase isoforms translated from monocistronic and dicistronic reporter vectors was performed as described previously (West et al., 1998) . The amount of each isoform present in the sample is shown below process and it has been shown that the mRNAs that correspond to these proteins are subject to translational regulation. The p36 isoform of BAG-1 protein is involved in the protein refolding response although its precise role following heat shock is not clear. In vitro experiments have shown that it can aid the refolding activity of the constitutively expressed Hsc70 (Luders et al., 2000) , whilst in vivo it has been shown to inhibit protein refolding that is dependent on Hsp70, which is only expressed during heat shock (Nollen et al., 2000) . However, expression of this BAG-1 isoform following heat shock is clearly important thus the ability of the BAG-1 IRES to maintain the expression of the p36 isoform following heat shock was examined. HeLa cells were heated to 448C by the addition of pre-heated media and after 30 min at this temperature were returned to 378C by the addition of media. As expected there was a large decrease in total protein synthesis during heat shock (Figure 6a) .
Immunoprecipitation of BAG-1 isoforms shows that during and following heat shock there is a large reduction in synthesis of the p50 isoform of BAG-1, yet expression of the p36 isoform is maintained ( Figure  6bi ). The p46 isoform was not observed in these experiments, although the antibody used detects all three major isoforms (Figure 6bii) . To determine Figure 6 The BAG-1 IRES is used following heat shock. HeLa cells were heated to 448C by the addition of warm media and maintained at this temperature for 30 min. They were returned to 378C by the addition of media at this temperature. Samples were taken at the time points indicated. (a) Incorporation of radiolabelled methionine into cells shows that there is a decrease in total protein synthesis during and following heat shock. (b) Immunoprecipitation of BAG-1 isoforms during heat shock and during was performed as described previously (Luscher and Eisenman, 1988; Stoneley et al., 2000a ) cells were labelled with 35 S-methionine for 30 min before harvesting and the BAG-1 isoforms were immunoprecipitated overnight at 48C using a BAG-1 monoclonal antibody mix (3.9F1E11+3.10G3E2, Neomarkers). The data suggest that following heat shock and during the recovery period there is a relative increase in the synthesis of the p36 isoform of BAG-1 when compared to the p50 isoform. (c) Cells were transfected with either the monocistronic plasmids pGBL and pGL3 or the dicistronic plasmids pRF and pRBF. Fire¯y luciferase activities were determined during and following heat shock. In each case the presence of the BAG-1 IRES causes ®re¯y luciferase to be synthesized under conditions when the capdependent scanning mechanism of translation initiation is downregulated Figure 5 Deletion analysis indicates that only the p36 isoform of BAG-1 is translated by internal ribosome entry. (a) Truncated versions of the BAG-1 IRES were introduced into the dicistronic reporter system. The primers 5'-TCGAATTCTGGGCGGTC-AACAAGTGCGG-3' and CTCCATGGGCGGCCTGCGAGC-GCC-3' ampli®ed the p46 5' UTR which was inserted into pRF to make the vector pRB5'F. The vector pRB3'F was produced by religation of pRBF after the removal of a 236 bp restriction fragment generated by digestion with EcoRI and SacII such that the sequence between the p46 and p36 initiation codons is present in this vector. In the vector pRBDF, the AUG initiation codon of luciferase in pRBF is mutated to AGG. (b) Relative luciferase activities of the truncated and mutated dicistronic vectors in HeLa cells. Only the vector pRB3'F maintains IRES activity, which is not as ecient as the full-length IRES whether the BAG-1 IRES was utilised to maintain expression of the p36 isoform, cells were transfected with either pGL3, pGBL, pRF or pRBF, and then treated as described above. Cells were harvested at the time points indicated and ®re¯y luciferase levels were assayed and normalised to the transfection control of b-galactosidase. The data show that ®re¯y luciferase was still synthesised from cells that were transfected with the constructs that harbour the BAG-1 IRES whilst in cells transfected with the control plasmids pGL3 and pRF there was a decrease in luciferase expression (Figure 6c ). Thus we conclude from these experiments that in contrast to Hsp70 where shunting is used to maintain protein expression following heat shock (Yueh and Schneider, 2000) , initiation of the p36 isoform of BAG-1 following heat shock occurs by internal ribosome entry.
In conclusion we have investigated the translation initiation of BAG-1 and have shown that the 5' UTR of the p36 isoform can be synthesised by internal ribosome entry. Given the putative roles of the BAG-1 p36 isoform in the protein refolding response following heat shock (Luders et al., 2000; Nollen et al., 2000) when the cap-dependent scanning mechanism of translation is reduced (Rhoads and Lamphear, 1995), we investigated whether the IRES was active during this process to sustain expression of this protein. We show that there is synthesis of the p36 isoform of BAG-1 following heat shock and that this is mediated by the IRES.
